In the recent years, the adsorption capacities of synthetic polymeric adsorbents have been intensively studied due to their diversity in surface and porosity, physicochemical stability and the regeneration potentiality. In this study four synthetic polymers have been used as alternative adsorbent for the removal of two azo dyes from aqueous solutions. The effects of dye concentration, adsorbent nature, temperature, and pH of the solution onto the kinetics of the adsorption process were in detail investigated. With the increase in the initial concentration from 5 .
Introduction
Textile industries produce 20 % of industrial water pollution and discharge large amounts of colored wastewater. Azo dyes are synthetic dyes used in many textile industries but most of these dye wastes are toxic and may be carcinogenic. The discharge of effluents has become an ecological concern due to the fact that are aesthetically unpleasant, and are considered toxic for the aquatic biosphere [1, 2] . Among other water treatment methods, such as: coagulation/flocculation, chemical oxidation [3] , extraction, membrane separation, electrochemical reduction [4] , adsorption provides an attractive alternative for the treatment of dye-contaminated waters because of its simplicity, selectivity and efficiency [4, 5] . In the last years, different materials were proposed as adsorbents for the removal of dyes from wastewaters, such as: activated carbon, chitosan [6, 8, 9] , low-cost agricultural wastes, bacteria, fungi, algae [5, 7, 11] . Due to their diversity in surface and porosity, high physico-chemistry stability, regeneration and reuse for continuous process, polymeric adsorbents have been used as alternative to activated carbon in removal and recovery of organic pollutants from industrial wastewaters [5] . Different polymeric materials, such as: cryogels [12] , hyper-crosslinked polymeric sorbents [10, 13, 14] , chitosan [15] [16] [17] were tested as adsorbents for the removal of dyes. Linear and cross-linked styrene copolymers are mostly functionalized with chlormethylated groups, which can be modified by polymer-analogous reactions in other functional groups so improving adsorption performance of a polymeric adsorbent toward dye removal [18] . The aim of the present work was to investigate the efficiency of synthetic modified copolymers, in the removal of azo dyes from aqueous solutions. For this purpose, equilibrium and kinetic studies have been carried out. The influences of process variables such as time, initial concentration, temperature and pH have been investigated.
Experimental Materials
Chloromethylated styrene-divinylbenzene copolymer (StDVB-Cl) was supplied by Purolite Victoria (Romania) (S-6.7 % DVB, % Cl 14.22, G F 4.01 mmoles Cl/g copolymer). N,N-dimethylformamide (DMF) purchased by Carlo Erba, 1,2-dichloromethane, ethanol, and ethyl ether purchased by Chimopar (Romania) were used as received. Phosphonium salts grafted on StDVB-Cl were obtained by polymer-analogous quaternization reaction of the StDVB-Cl (Fig. S1, Supplementary material) . A 5 g sample of copolymer and 50 mL of solvent (DMF) were maintained under stirring for 2 h at room temperature to allow the copolymer beads to swell.
The necessary amount of phosphine (molar ratio chloromethyl groups:phosphine = 1:1.5) dissolved in DMF was added dropwise, and the mixture was maintained under stirring and nitrogen atmosphere, at 110 °C, for 72 h. After cooling, the polymer beads were separated by filtration, washed with ethanol, 1,2-dicholomethane, and ethyl ether, and dried under a vacuum of 2 kPa at 50 °C [19] . The fraction of the repetitive units functionalized with quaternary phosphonium groups was determined by accepting the statistical structure of the repeat unit of the initial and final copolymer. The chemical structures of the investigated adsorbents are presented in Fig. S2 , from the Supplementary material.
Two types of azo dyes were used as adsorbate: a commercial product, AO 7 (Acid Orange 7, C 16 H 11 N 2 NaO 4 S, C.I. 15510, M.W. 350.32 g/mol) used in cosmetic industry (direct hair coloring agent) purchased from Colorom Codlea (Romania), and one synthesized in our laboratory SAH (sulphanilic acid → H acid, C 16 H 10 N 3 Na 3 O 10 S 3 , M.W. 569 g/mol) as possible candidate in textile industry.
The dyes structures presented in Fig. 1 reveals the presence in the dyes molecule of characteristic functional groups SO 3 H, NH 2 , OH. Working solutions were prepared with distilled water, in order to obtain simulated colored wastewaters.
Method
The dyes adsorption on the polymer microbeads has been studied in aqueous solutions in a batch system. For the dye sorption 100 mL of dye solution and 0.1 g of copolymer were stirred at 250 rpm for a specific time t. After reaching the equilibrium, the colored microspheres were separated by filtration, washed with distilled water, and dried at 40 °C for 24 h. The dye concentration of the starting solution (t 0 ), and the dye concentra- tion at specifically time t was spectrophotometrically determined using a CECIL CE 7200 Spectrophotometer in the wavelength range 250-750 nm.
The FT-IR spectra for the copolymers, the studied dyes, and the dye attached to the copolymer microbeads were obtained using a Bruker Vertex 70 instrument. All the spectra were the results of 256 co-added scans at a resolution of 4 cm -1 in KBr pills, in the working range 400-4000 cm -1 . The estimation of the nitrogen content in the (styrene-divinylbenzene functionalized with trimethylamonium groups) StDVB-NMe and dyeattached to microbeads has been performed by energy dispersive X-ray (EDX) analysis on the Quanta 200 (FEI) electron microscope equipped with EDX system.
We investigated the effect of initial dye concentration on the adsorption study using different concentrations ranging from 10 -5 to 10 -3 mol/L, at 25 ± 1 °C, and pH 6.8. The effect of temperature on the sorption process was studied at three different temperatures 298, 318, 338 K at pH 6.8. The analysis was extended to the influence of pH, by varying pH from 2 to 12, with HCl and NaOH solutions, and measured using a WTW model 330i pH meter.
Using the experimental values the adsorption capacity and the percentage of dye removal were calculated based on equations (1) and (2):
where: q t is the amount of dye adsorbed onto the copolymer unit at time t (mg/g), C 0 , C t and C e are the dye concentration in solution at initial time, at time t and at equilibrium (mg/L), V is the solution volume (L), and W is the amount of adsorbent (g).
Results and discussion
The adsorption capacity of a material is mainly influence by the type and chemical structure of the adsorbent, and by the initial concentration of the solution, temperature, and pH. The aim of the present work was to determine the adsorption capacity of different synthetic modified copolymers, for the removal of azo dyes from aqueous solutions, followed by a detailed analysis of the adsorption process in terms of kinetic and thermodynamic studies. The azo dyes are a special class of acid dyes, normally presented as sodium salts therefore they are anionic in solution. The chosen azo dyes present one (AO 7) and three (SAH) sulfonic groups in the structure, that could influence the adsorption process.
The possible interactions between the selected copolymers and the two azo dyes could be mainly ionic binding, due to the presence of the cationic sites present on the adsorbent surface (protonated onium groups) and the dye anions (sulfonic groups) (Fig. S3 , Supplementary materials).
Characterization of copolymer microbeads
At the end of the adsorption process, the microbeads were washed with distilled water, as described in the method section, and it was observed that they remained uniformly colored (Fig. S4, Supplementary material) .
The elemental analysis of the polymers and dye-attached to polymer beads were carried out (Table 1) , and the sorption of the dyes was confirmed by the presence of the nitrogen, and the sulfur in the dye-attached to copolymer microbeads.
The FT-IR spectra of the StDVB-PPh microbeads before and after dye adsorption have been collected. Even though some characteristic bands from the FT-IR spectra of the dye (main bands [cm -1 ] 3467i, 1635i, 1499m, 1122m, 1039m, 838s, 675m) and polymer (main bands [cm -1 ] 3024i, 1637i, 1045m, 854m, 814m) could be overlaid, the FT-IR spectra of the SAH-StDVB-PPh present the absorption band from 1499 cm -1 corresponding to the N = N and the absorption bands of functional groups -SO 3 1122 cm -1 that confirm the presence of the dye onto the polymer microbeads surface.
Effect of adsorbent nature
In this study the adsorption capacities of the four polymeric materials in the azo dyes removal process were investigated. The experiments were conducted by using 0.1 g adsorbent in 100 mL of dye aqueous solutions (5 .
10
-5 mol/L) at 318 K, and pH 6.8.
The influence of adsorbent nature on dye removal percentage was investigated and the results are presented in Table 2 . The highest retention capacity for both dyes adsorption was obtained when the StDVBPPh was used as sorbent, followed be StDVB-PEt microbeads.
Values of η lower than 1 % were determined when StDVB-Cl was used, and higher than 85 % for the functionalized StDVB-Cl, indicating that the functionalization led to the synthesis of promising materials for dye adsorption process. The presence of ethyl radicals in the structure of phosphonium ion led to the high removal percentage in contrast to propyl radicals and butyl radicals which induced unfavorable effects. The phenyl phosphonium salt is more active than the aliphatic phosphonium salt. This is maybe due to the extinction of positive charge of phosphorus to the aromatic ring that could increase the number of the active centers on copolymer surface. The following studies were performed for adsorption of AO 7 and SAH dyes by StDVB-PPh.
Effect of pH
The analysis was extended to various values of pH solution, between 3 and 12, at 27 °C in order to determine the optimum pH value where the dye removal percentage rich the maximum level. The degree of azo dye adsorption onto the adsorbent surface is primarily influenced by the surface charge on the adsorbent that is dependent by the pH value of the dye solution [20] . AO7 and SAH dyes are negatively charged in solution (-SO 3 -, -O -), having an affinity to materials with positive charges, which is the case of StDVB-PPh, with positively charged functional groups (-PPh 3 + ) [13] . The results presented in Fig. 2 indicate a decrease in removal percentage with the pH increasing. The maximum removal percentage was found to be in acidic range for both investigated dyes. At lower pH values, the concentration of H + would be high, thus enhancing the high electrostatic attraction between the positively charged adsorbent surface and anionic dye. The lower removal percentage at alkaline medium is probably due to the OH -ions excess competing with the anionic dyes for the adsorption sites of the sorbent. While for AO 7 dye a decrease of the removal percentage was observed from pH 7, for SAH dye the removal percentage remain constant until pH 9. This behavior could be explained by the differences in chemical structure of the studied dyes. The slightly lower removal of the SAH dye at pH 3, is probably due to the presence of protonated amine group in the dye structure, which determines electrostatic repulsion with the positively charged adsorption sites of the copolymer.
Effect of initial dye concentration
For an ecological reason, it is very important to recover dyes from the diluted colored wastewaters. The effect of the initial dye concentration on the adsorption was investigated using concentrations ranging from 10 -5 to 10 -3 mol/L, at 318 K, and pH 6.8.
As it can be seen in Fig. 3 , the adsorption is fast in the initial stages and it remained nearly constant after reaching the equilibrium time, due to the saturation of the active center available for azo dyes on the adsorbent surface.
The amount of dye adsorbed increased while the percentage removal decreased from 99.9 % to 20.47 % in case of AO 7 dye, and from 98.53 % to 20.47 % for SAH dye, with the increase in the initial dye concentration, indicating that the dye removal is concentration dependent. The time necessary for reaching the equilibrium increased from 80 min to 210 min with increasing the dye concentration from 10 -5 to 10 -3 mol/L (Table S1 Supplementary material). This is due to the fact that adsorption occurred both on the surface, and in the pores of the polymer, and the diffusion into the internal adsorption sites is stimulated by the increase of the initial dye concentration. Very good results for removal percentage ( > 98 %) were obtained for lower dyes concentrations, which demonstrate that StDVB-PPh can be used as a novel alternative adsorbent for the purification of colored wastewaters.
Effect of temperature
The effect of temperature on the sorption process was studied at different temperatures (i.e., 298, 318, 328 and 338 K) at pH 6.8. We chose this range of temperatures in order to obtain results as closely as possible to normal working conditions, and with minimum working costs. A comparison of experimental data shows (Tabel S2 Supplementary material) that the rise of temperature induced a positive effect on the sorption capacity, and the decrease of the necessary time for reaching the equilibrium from 160 to 60 min, which is in accordance with other published studies [21, 22] . The increase of dye removal from 14.09 % to 71.35 % for AO7 dye and from 7.02 % to 99.87 % for SAH dye with increasing temperature may be attributed to the increase of the dye mobility, and the decrease of the thickness of the boundary layer surrounding the adsorbent, thus, decrease the mass transfer resistance of adsorbate.
Kinetic studies
In the kinetic experiment, the changes of absorbance were determined at certain time intervals during the adsorption process. The experimental results obtained for the influence of initial concentration were analyzed using the first-order Lagergren model (3), pseudo second-order model (4) , and intraparticle diffusion model (5) . The correlation coefficients were used to determine the best fitting kinetic model. The adsorption experiments were carried out in duplicates. 
where: k 1 is Lagergren rate constant (min -1 ), k 2 is rate constant for the second order adsorption model (g/mg min), k i is the intraparticle diffusion rate constant (mg/g min 0.5 ) and l is the effect of boundary layer thickness.
The comparison of experimental adsorption capacities and the theoretical values, and the computed results estimated from equations 3, 4 and 5 are presented in Table 3 .
The experimental data gave poor fits with the first order model and very good fits with the pseudo-second order model (higher regression coefficients), meaning that the adsorption depends on the adsorbate as well as the adsorbent, and that chemical reaction is the main rate-controlling step of the adsorption process. These results are in concordance with the previously data reported [23] [24] [25] . The theoretical values of adsorption capacity were very close to the experimental values in case of pseudo-second order kinetics. Also, an increase of the pseudo-second order constant rate k 2 was observed, indicating that the necessary time for reaching the equilibrium decreased with raising temperature. In order to explain the diffusion mechanism the intraparticle diffusion model [26] was used. The dye adsorption process involves several steps: dye diffusion through solution to the outer surface of the adsorbent (film diffusion), dye adsorption on the outer surface of the adsorbent, dye diffusion from the surface into the adsorbent interior (intraparticle diffusion) and, dye adsorption onto the active centres in the interior surface of the adsorbent. The obtained plots (Fig. 4) present multilinearity indicating that more steps occur in the adsorption process.
The straight line of the intraparticle region at different temperatures does not go through origin indicating that the intraparticle diffusion is not the only rate controlling step [12] . The deviation from the origin may be due to the variation of mass transfer in the initial and final stages of adsorption process. From the plots of q t versus t 0.5 the values of intraparticle diffusion rate constant (k i ) and the effect of boundary layer thickness (l) were calculated (Table 3) . Maximum is the intercept length, adsorption is more boundary layer controlled.
Equilibrium studies
Equilibrium adsorption studies were carried out for a better understanding of the adsorption process. The experimental data obtained at equilibrium, at 318 K, and pH 7.2, were analyzed with Freundlich, Langmuir, Sips, and Temkin adsorption models. The Freundlich adsorption model (Eq. 6) stipulates that the ratio of solute adsorbed to the solute concentration is a function of the solution. Langmuir developed a model (Eq. 7) based on the assumptions that a fixed number of vacant sites are available on the surface of the solid and adsorption is monolayer or unilayer. Once a dye molecule occupies a site, no further sorption can take place at that site therefore, a saturation value is reached, beyond which no further sorption can take place. Sips improved the Freundlich and Langmuir equations with a new model (Eq. 8) which proposes that the equilibrium data follow the Freundlich model at low initial solute concentrations and the Langmuir one at high solute concentrations. The Temkin isotherm (Eq. 9) is taking into account the effects of indirect adsorbate/ adsorbate interactions on the adsorption process.
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The analysis of the experimental data and determination of the parameters which describes the theoretical models were performed using the non-linear regression analysis [16] from ORIGIN 6.1 software package. Program; the main statistical criteria were the squared multiple regression coefficient (R 2 ), and the chi-square analysis (χ 2 ) (10). 
where: q e is the equilibrium capacity (mg/g) obtained from experimental data, and q e, m is the equilibrium capacity obtained by calculating from the model (mg/g). The comparisons between experimental data and fit sorption isotherm curves are presented in Fig. 5 , and the data obtained for the fitted models are presented in Table 4 . The best isotherm model that fits the experimental data with lower error was the Sips isotherm model (bold R 2 values), meaning that the adsorption process is going on after a combined model of Freundlich and Langmuir: diffused adsorption on low dye concentration, and a monomolecular adsorption with a saturation value-at high adsorbate concentrations.
The maximum adsorption capacity of the StDVB-PPh determined from the Sips sorption isotherm curves was 103.88 mg AO 7/g StDVB-PPh, and 140.89 mg SAH/g StDVB-PPh, and the values are higher or comparable with the data reported before (Table 5) .
Conclusions
The adsorption of azo dyes from colored solutions on a synthetic sorbent was carried out at different working conditions. By using infrared spectroscopy, and elemental analysis, we confirmed that azo dyes can be grafted by StDVB-PPh copolymer. High removal percentage ( > 85 %) was obtained when low dye concentrations have been used, ambient temperature and neutral pH. Kinetic studies showed that the adsorption followed the pseudo-second-order reaction. The experimental data were well correlated by the Sips adsorption model, and the maximum theoretical adsorption capacities were determined. The rapid uptake and high sorption capacity make StDVB-PPh a very attractive alternative sorbent material. The values were highlighted in bold in order to emphasize the best fitting model. 
